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Genetic analysis of distinct clades of Plethodon cinereus at a secondary contact zone 
in northeast Ohio 
 
ABSTRACT 
Contact zones between species, subspecies, or incipient lineages offer important 
insights into the processes that maintain reproductive isolation. Plethodon cinereus, a 
highly abundant and wide-ranging terrestrial salamander found in the northeast United 
States and southeast Canada, provides an excellent model system for studying secondary 
contact zones. Using mtDNA, six distinct clades have been identified across the range of 
P. cinereus. Populations of two such clades, the Ohio (OH) clade, which dispersed 
through central Ohio following receding glaciers of the last glacial maximum, and the 
Pennsylvania (PA) clade, which dispersed through Pennsylvania and then west through 
northern Ohio, can be found approximately 9.4 km apart in Lorain County, Ohio. I 
analyzed 268 tissue samples from 25 sites along a north-south transect following the 
Black River between two populations with known mitochondrial clade assignment (OH-
north and PA-south clades). Ten microsatellite loci and mtDNA haplotypes were 
examined to characterize the genetic structure of the contact zone. Twenty-three sample 
sites contained only members of the PA clade, and two sites at the northern extent of the 
transect including the known OH clade population contained a mixture of members of 
both the OH and PA clades. Population structure from microsatellite data suggests a 
single parental population across most of the transect, with possible evidence of 
admixture in sites further south; however, this structure is not concordant with mtDNA 
clade membership. All individuals at the site exhibiting the most admixture in mtDNA 
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clade membership were assigned to the same genetic cluster of the two groups identified 
based on microsatellite data. Sex-biased dispersal could contribute to the mito-nuclear 
discordance, but more data are necessary to test this hypothesis and determine if 
geographic barriers also contribute to population structure. My results suggest that the 
contact zone extends northward toward Lake Erie, as well as west of the present sampling 
area, and should be further sampled to quantify the structure of the genetic cline between 
these two clades. 
 
1. Introduction 
 The current genetic distributions of northern North American taxa were shaped by 
and can only be fully understood in the historical context of the Pleistocene glaciations 
(Hewitt 2000; Hewitt 2004). During the Last Glacial Maximum (LGM), the ice sheets of 
the northern hemisphere reached their southernmost position near the southern border of 
Indiana and Ohio between 26,500 and 20,000 years ago (26.5 ka and 20 ka) before 
glaciers began to recede 20 to 19 ka (Dyke 2004; Clark et al. 2009). These shifts in the 
position of the ice sheets drove plant and animal populations southward before allowing 
them to once again extend their ranges northward as glaciers receded (Hewitt 2000). 
During glaciation and deglaciation, a number of factors can cause the formation of 
separate lineages. The traditional model suggests that populations remained south of the 
extent of the ice sheets, in separate refugia, before taking alternative routes northward 
following glacial retreat (Hewitt 2000; Swenson & Howard 2005; Soltis et al. 2006).   
Of particular importance to the phylogeography of glacial lineages are hybrid 
zones, specifically secondary contact zones in which populations that had been 
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previously isolated recontact (Harrison 1993). Hybrid zones are frequently studied in 
evolutionary biology because they provide insight into the degree of evolutionary 
independence, including the mechanisms that promote reproductive isolation (Barton & 
Hewitt 1985; 1989). Recent studies of contact zones in amphibians have, for example, 
discovered an extremely narrow hybrid zone between parapatric species of lizards (Tseng 
et al. 2015), solved taxonomic uncertainties between the California newt (Taricha torosa) 
and the Sierra newt (Taricha sierrae) (Kuchta 2007), and described the genetic structure 
of a hybrid zone between terminal forms of a salamander ring species (Ensatina 
escholtzii) (Alexandrino et al. 2005; Devitt et al. 2011). A study of Spotted Salamanders 
(Ambystoma maculatum) identified asymmetric introgression of DNA across a contact 
zone that provided evidence for a pattern of historical range expansion in one direction, 
while sexual selection promoted introgression in the opposite direction (Johnson et al. 
2015). The information contact zone studies provide is especially valuable in the study of 
interacting groups that previously occupied glacial refugia. Recent studies on fish (Moore 
et al. 2015; Taylor & May-McNally 2015) and amphibians (Canestrelli & Nascetti 2008; 
D’Aoust-Messier & Lesbarrères 2015; Newman & Austin 2015) have located post-glacial 
contact zones and provide evidence for the importance of glacial cycles in the 
phylogeographic history of taxa. 
The Eastern Red-backed Salamander (Plethodon cinereus) is one of the most 
abundant terrestrial vertebrates of North America (Burton & Likens 1975) with a range 
extending from North Carolina to southern Canada (Petranka 1998). Much of the current 
range of P. cinereus overlaps where ice sheets existed during the LGM (Highton & 
Webster 1976). Recent research has found some evidence for sympatric divergence in 
8 
 
populations of red-backed salamanders; however, most of these studies have focused on 
the divergence of color morphs through behavioral differences (Venesky & Anthony 
2007; Reiter et al. 2014), assortative mating, (Acord et al. 2013; Anthony et al. 2008), 
and differences in morphology and thermal optima (Anthony et al. 2008; Fisher-Reid et 
al. 2013, Fisher-Reid & Wiens 2015).  
Despite such extensive study of divergence by means of color morph, much less is 
known about divergence among populations across the range of red-backed salamanders. 
Highton & Webster (1976) studied allozyme variation in populations across the range of 
P. cinereus, finding little genetic variation across populations north of the LGM that 
suggests rapid northern recolonization following deglaciation. In an unpublished master’s 
thesis, Hass (1985) found similar patterns of genetic variation and identified four 
genetically distinct groups with the populations on the Atlantic coast, where glaciers first 
receded, likely being the first to move northward. In the only hybrid zone study available 
on P. cinereus, Wynn (1986) surveyed a secondary contact zone of electrophoretically 
differentiated forms of P. cinereus on the Del-Mar-Va Peninsula, and found that even 
with clinal shifts in allele frequency due to separate colonization of the peninsula from 
the north and south, populations still were exchanging genes freely. Previous data on red-
backed salamanders in northeast Indiana indicate population genetic variation consistent 
with a pattern of post-Pleistocene range expansion rather than a response to habitat 
change following European settlement (Jordan et al. 2009). Such post-glacial range 
expansion is thought to have occurred relatively rapidly. Previous research on the fine-
scale population structure and dispersal capabilities of P. cinereus suggests that range 
expansion after the LGM would need to occur at a rate far greater than the estimated rate 
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of dispersal observed for P. cinereus in both continuous and interrupted habitat (Cabe et 
al. 2007; Marsh et al. 2007; Marsh et al. 2008). Long range dispersal along the margin of 
the expansion could explain the rapid range expansion. As suggested by Cabe et al. 
(2007), dispersal behavior could differ throughout the range of P. cinereus, as 
populations near range margins will experience less competition from conspecifics for 
new territory than within the core of the range. Because patterns of introgression within 
hybrid zones are in part determined by the dispersal ability of each parent population, the 
genetic structure of the hybrid zone can be influenced by variation in dispersal dynamics 
over the evolutionary history of the interacting groups of populations (Key 1968).  
Current research suggests the presence of at least six distinct mitochondrial 
(mtDNA) clades within the range of P. cinereus estimated to have diverged 
approximately 1.42 million years ago (95% HPD: 1.12 - 2.36 ma) (Radomski et al. in 
review). Three of these clades, labelled the Ohio (OH), Pennsylvania (PA), and Northern 
clades were found in northern Ohio. Phylogeographic research revealed the presence of 
populations of the OH and PA mtDNA clades in Lorain County, on opposite ends of the 
Black River Reservation. The OH clade, found north of the reservation, presumably 
followed the receding glaciation from the Appalachian Mountains northward through 
central Ohio up to Lake Erie. The PA clade, south of the reservation, most likely 
dispersed northward into Pennsylvania before expanding westward into northeastern 
Ohio. A straight-line distance of approximately 9.4 km separates these two populations. 
To date, there has been no research on the interactions between populations of separate 
mtDNA clades of P. cinereus. Noël & Lapointe (2010) and Wynn (1986) both studied 
interactions among members of the Northern clade, and a study of parapatric divergence 
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between color morphs in populations on Long Island, New York also included members 
of only the Northern clade (Fisher-Reid & Wiens 2013).   
In the present study, I characterized the genetic structure of a secondary contact 
zone between the OH and PA mtDNA clades of P. cinereus. Both mtDNA and 
microsatellite markers were utilized to address population structure on historical and 
recent time scales:  MtDNA is useful for the study of long-term evolutionary 
relationships (Avise 2000). By contrast, microsatellites, which are non-coding regions of 
nuclear DNA (nuDNA) composed of 1-6 nucleotide tandem repeats, mutate at a much 
faster average rate and are useful for providing data on fine-scale population structure 
(Selkoe & Toonen 2006). I predicted that distinct genetic clusters corresponding to the 
OH and PA mtDNA clades would be discovered. In addition, given that hybridization is 
common among species of Plethodon (e.g. P. cinereus and P. electromorphus, Highton 
1999a; P. richmondi and P. electromorphus, Highton 1999b), and the ages of these 
mtDNA clades are relatively young, I expected substantial admixture in the middle of the 
contact zone.  Highton (1960) examined differences in body length, characterized by the 
number of trunk vertebrae, of red-backed salamanders across their range. Populations 
likely in the PA clade in northeastern Ohio had fewer trunk vertebrae on average than 
localities likely in the OH clade. Because body size is a factor in territorial success 
(Mathis 1990) and mate choice (Anthony et al. 2008) in red-backed salamanders, I 
predicted that dispersing members of the OH clade would have more success in 
establishing territories and securing mates of the PA clade or hybrids, thus causing 
southward introgression of DNA across the contact zone. Finally, previous evidence 
suggests that even low-order streams act as barriers to gene flow in P. cinereus (Marsh et 
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al. 2007), suggesting that the Black River and French Creek, both of which are situated 
between the OH and PA clade, likely inhibit gene flow.. 
 
2. Materials and Methods 
 
2.1 Sampling Locality 
Sampling took place in Lorain County, Ohio. At the northern extent of the 
sampling area, in James Day Park (N1) is a population assigned by Radomski et al. (in 
review) to the OH clade. Cascade Park, at the southernmost extent of the sampling area 
(N23; Figure 1), contains a population assigned to the PA clade (Radomski et al. in 
review).  A straight-line distance of approximately 9.4 km separates these populations at 
James Day Park and Cascade Park. Because of the nature of available undeveloped 
habitat in the landscape, sampling represented a north-south transect along with two sites 
to the east (E1 and E2). Sampling localities along the transect are divided by the Black 
River and French Creek. The main branch of the Black River divides the sampling area 
into sites on the west (n=9) and east (n=16) sides of the river, while French Creek 
separates sites on the east side of the Black River into northern (n=4) or southern (n=12) 
groups. Sites E1 and E2 were included in the north count as they are located on the north 
side of French Creek (Figure 1).  
 
2.2 DNA isolation & PCR, Microsatellite Genotyping, & mtDNA Genotyping 
Sampling took place between March 22 and May 13, 2016. I collected 185 tail 
tips from 21 sites (mean 8.8 individuals per site).  Tail tips were preserved in 95% 
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ethanol until DNA extraction.  Individuals of both the striped and unstriped color morphs 
were present at all sites except for population E1.  Because P. cinereus may exhibit 
positive assortative mating by color morph (Acord et al. 2013; Anthony et al. 2008), tail 
tips were collected and analyzed for only striped individuals. In addition, supplemental 
data collected October 2013 - May 2015 by M. Hantak per. comm.) yielded 83 
individuals from 4 sites (N1, N2, N14, N23), bringing the total number of individuals to 
268 from 25 sites. Permits were obtained from the Ohio Department of Natural Resources 
(Permit no. 19-012) and Lorain County Metroparks.   
DNA was extracted from tail tips using the Wizard Genomic DNA Purification 
kit. Ten previously developed microsatellite loci (Cameron 2016) were selected for 
amplification, including one pentanucleotide repeat motif (Pc3), four tetranucleotide 
repeat motifs (Pc7, Pc25, Pc28, Pc30), and five trinucleotide repeats (Pc 15, Pc16, Pc17, 
Pc34, Pc37). To assign individuals to the OH or PA clade, one mtDNA locus, an 845bp 
portion of cytb, was amplified with PCR. Cytb was used in previous work to determine 
phylogenetic relationships across the range of P. cinereus (Radomski et al. in review).  
Microsatellite loci were amplified with three 25μl multiplex polymerase chain 
reactions (PCR) using a Qiagen Multiplex PCR Kit. Pc3, Pc28, and Pc37 constituted the 
first multiplex, Pc7, Pc16, and Pc 17  the second multiplex, and Pc 15, Pc 25, Pc30, and 
Pc34 the third. Reactions included 12.81μl 2X PCR mix, 2.56μl 10X primer mix, 2.56μl 
Qsol, 6.24μl dH2O, and 1.5μl of template DNA (concentrations of 50-100ng/μl). The first 
and second multiplex PCRs were performed as follows: 5 min at 95° C, 35 cycles of 
95°C for 30s, 60°C for 90s, and 72°C for 30s, followed by a final extension of 10 min at 
68°C. The third multiplex PCR was: 5 min at 95° C, 35 cycles of 95°C for 30s, 56°C for 
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90s, and 72°C for 30s, followed by a final extension of 10 min at 68°C. Successful 
reactions were confirmed using gel electrophoresis with 3% agarose gels before fragment 
analysis on an Applied Biosystems 3730 (Arizona State University). The internal sizing 
standard used was GENESCAN 600.  To obtain genotypes, peaks and bins were 
manually assigned in Geneious 9.1.5. To assign individuals to one of the two known 
mtDNA clades (PA or OH), an 845bp region of cytb was amplified with PCR and 
genotyped using restriction fragment length polymorphism (RFLP). RFLP allows for the 
genotyping of individuals by using restriction enzymes to cut the amplified DNA at sites 
that are unique to either clade based on known sequences. Fragments are then visualized 
with gel electrophoresis to assign a genotype. Cytb was amplified in 23μl reactions 
including 5μl 5X buffer, 0.5μl DNTPs, 1.5μl MgCl2, 1.25μl forward primer, 1.25μl 
reverse primer, 0.125μl Taq Polymerase, 11.375μl dH2O, and 2μl template DNA 
(concentrations of 50-100ng/μl). The PCR was performed as follows: 3 min at 94° C, 31 
cycles of 94°C for 30s, 53°C for 60s, and 72°C for 75s, followed by a final extension of 5 
min at 72°C. RFLP procedure was performed twice for each individual, one using the 
restriction enzyme AluI, which cuts the amplified sequence once for the PA clade and 
twice for the OH clade, and the second using RsaI, which cuts the PA sequence twice and 
the OH sequence once at different places, yielding different fragment lengths. Procedures 
for both restriction enzymes were identical:  4μl dH2O, 1μl 1X buffer, 1μl restriction 
enzyme, and 4μl PCR product. Reactions were incubated at 37°C for 16 hrs followed by 
a 20 min incubation at 65°C. Fragments were visualized on 3% agarose gels, and 
individuals were assigned to one of the two mtDNA clades. 
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2.3 Microsatellite Quality Control & Summary Statistics 
Microsatellite loci were assessed for scoring errors, homozygote excess, and the 
presence of null alleles using Micro-Checker 2.2.3 (Van Oosterhout et al. 2004). I used 
GenAlEx 6.5 (Peakall & Smouse 2012) to calculate the number of alleles, effective 
number of alleles, observed and expected heterozygosity, and number of private alleles 
for each locus at each site. Genepop 4.3 (Rousset 2008) was used to calculate the Weir 
and Cockerham (1984) estimate of FIS, exact tests for departures from Hardy-Weinberg 
proportions (HWE), and genotypic equilibrium.  
 
2.4 Genetic Differentiation & Population Structure 
Genetic differentiation was calculated with global, locus-specific, and pairwise 
GST. GST = (HT – HS)/HT, based on Nei and Chasser’s (1983) unbiased estimators of HS 
(i.e. the Hardy-Weinberg expected heterozygosity averaged across all localities) and HT 
(i.e. the Hardy-Weinberg expected heterozygosity in the total sample ignoring 
subdivision). The associated P-value indicates the probability that the differentiation as 
measured by GST would be observed if populations were not differentiated. I also 
calculated Hedrick’s global, locus-specific, and pairwise GʹST, a standardized G-statistic 
in which GST is divided by the maximum possible GST value given the heterozygosity. 
Hedrick’s GʹST corrects for the tendency of GST to not reach 1.0 even with non-
overlapping allele sets if more than two alleles are present. Pairwise GʹST ranges from 0 to 
1.0 and will equal 1.0 when populations have non-overlapping allele sets (Hedrick 2005). 
GST and GʹST were calculated in GenAlEx, with P-values estimated from 9999 
permutations.   
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Population structure was analyzed using two Bayesian approaches. First, I used 
STRUCTURE version 2.3.4 (Pritchard et al. 2000) to determine the most probable 
number of genetic populations (K) and assign individuals to genetic populations by 
maximizing conformity to Hardy-Weinberg proportions and minimizing linkage 
disequilibrium. I ran 10 independent runs for K=1 to K=20, each with randomly 
generated seeds. I used the admixture model with the LOCISPOP prior and correlated 
allele frequencies.  350,000 iterations of each Markov Chain Monte Carlo (MCMC) run 
were discarded as burn-in, with 350,000 iterations used for sampling. Results were 
entered into Structure Harvester web version 0.6.94 (Earl and vonHoldt 2011) to 
calculate K, the second-order rate of change of the likelihood function (Evanno et al. 
2005). After determining log-likelihood for each K (LnP(K)), K was used to determine 
the optimal value of K. Data were then visualized using CLUMPP version 1.1.2 
(Jakobosson & Rosenberg 2007) and Distruct v1.1 (Rosenberg 2004). To test if the Black 
River and French Creek function as barriers to gene flow, causing genetic structure 
among populations, I lumped individuals from sites that were north of French Creek (3 
sites; n=53), west of the Black River (9 sites; n=94), or east of the Black River but south 
of French Creek (13 sites; n=121) and repeated the above procedure without the 
LOCISPOP prior in STRUCTURE for K=1 to K=6.   
Population structure was also evaluated with NewHybrids v1.1 (Anderson & 
Thompson 2002). NewHybrids estimates the posterior probability of each individual 
belonging to a certain genotype frequency class. I used the default classes of parentals, 
F1, F2, and backcrosses along with Jeffreys priors for mixing parameters and allele 
frequencies. I performed five independent runs; 50,000 sweeps were discarded as burn-in, 
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followed by 200,000 sweeps for analysis. Results were visualized using CLUMPP and 
Distruct.    
 
3. Results 
 
3.1 Microsatellite Quality Control, Summary Statistics, & mtDNA genotyping 
After sequential Bonferroni correction (Holm 1979), there was no evidence for 
deviations from HWE or genotypic linkage disequilibrium. However, tests could not be 
run for loci in populations that contained only one allele or had two alleles but one was 
represented by a single copy. Microchecker detected evidence for homozygote excess and 
null alleles in PC7 (N1, N11, N12), PC15 (N11, N23) and PC25 (N2, N23). Sites N6 and 
N16 could not be analyzed because of insufficient data (n=2 individuals). Because there 
were no departures from Hardy Weinberg proportions or evidence for linkage 
disequilibrium, and cases of homozygote excess and null alleles were not found 
consistently in a single locus or site, I kept these loci in my analysis. For the ten loci 
across all sites, a total of 80 alleles were recorded with a range in the number of alleles at 
a given locus from 2 (PC37) to 22 (PC25) (Table 2). Average observed heterozygosity at 
a site ranged from 0.170 - 0.420, with the expected heterozygosity ranging from 0.200 - 
0.434.  Inbreeding coefficients (FIS) ranged from -0.147 - 0.500 (Table 2), with the high 
FIS value of 0.500 at site N6, which contained only two individuals. Thirteen private 
alleles were found across ten localities and seven loci (Table 2).       
Of the 268 cytb haplotypes analyzed with RFLPs, 251 were PA clade haplotypes 
and 13 were OH clade haplotypes (Table 1; Figure 1). Of the 13 OH clade haplotypes, 12 
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were in James Day Park (site N1) and one was in French Creek (site N3), north of the 
creek. Both of these sites contained a majority of PA clade haplotypes, with 17 at James 
Day Park and 9 at French Creek. Site N2, also located in French Creek but on the 
southern side of the creek, did not have any OH clade haplotypes.   
 
3.2 Genetic Differentiation & Population Structuring  
Because of small sample sizes (n = 2) for sites N6 and N16, these sites could not 
be included when calculating GST in Genalex. Locus-specific estimates of GST ranged 
from 0.011 to 0.067, and PC28, PC16, PC25, and PC34 were significant at the corrected 
p<0.05 level after a sequential Bonferroni correction for multiple tests. The global value 
of GST across all loci was 0.037 (SE = 0.004; p<0.001) (Table 3). After correcting alpha 
for multiple tests, pairwise GST comparisons failed to detect significant differences 
between sites. The high number of tests made the correction a conservative approach, but 
GST values were low across all comparisons, ranging from -0.015 (N18 & N19) to 0.062 
(N5 & N17). Locus-specific estimates of Hedrick’s GʹST values ranged from 0.012 to 
0.244 with PC28, PC16, PC25, and PC34 exhibiting significant differentiation after 
Bonferroni correction. The global value of Hedrick’s GʹST was 0.056 (SE = 0.009; 
p<0.001) (Table 3). Pairwise estimates of GʹST ranged from -0.025 (N18 & N19) to 0.115 
(N5 & N17), but all were non-significant after Bonferroni correction.   
Population structure based on microsatellite DNA was not concordant with 
mtDNA (Figure 2). OH clade haplotypes were not found beyond sites N1 and N3 (Figure 
3A). However, in analyzing microsatellite DNA for the 25 sites, STRUCTURE revealed 
an optimal solution of K = 2 with the Evanno method (K = 6.317). The mean LnP(K) 
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for K = 2 (LnP(K) = -4068.45) was higher than K = 1 (LnP(K) = -4141.02) The sampling 
area contained weak population structure.  Populations from most sites among the 
northern and central portion of the approximate transect (N1 - N16, N18, N19) were 
assigned to the first genetic cluster, although there was substantial variation at the 
population (Q-values = 0.612 - 0.945) and individual level (Q = 0.429 - 0.962). Sites in 
the southern extent of the transect (N17, N20 - N23) and eastern sites (E1, E2) were not 
reliably assigned to either group (Q = 0.416 - 0.635 for the first cluster) (Figure 2, Figure 
3B). The river barriers did not contribute to population structure when populations were 
lumped by location with respect to the barriers. The analysis for 3 lumped sites revealed 
K= 2 from K (K = 25.315), and the Q-scores obtained for either of the two clusters 
ranged from 0.454 to 0.563 for the populations north of French Creek, west of the Black 
River, or east of the Black River. 
NewHybrids generally estimated individuals to have the highest probability of 
belonging to one of the two pure parental classes, with 214 of the 268 individuals having 
>0.9 probability for membership in the first parental group. No individuals were assigned 
to the second pure parental class at high probability. Of the 54 individuals with <0.9 
probability as a pure parental member, 40 were found south of site N16. Hybrid 
probabilities favored F2 hybrids or backcrosses to the first parental group, but specific 
hybrid class assignments from NewHybrids should be interpreted cautiously given the 
lack of pure OH clade sites and the low number of loci and individuals per site in the 
analysis (Figure 4).   
 
4. Discussion 
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Using ten microsatellite loci and one mtDNA locus, I analyzed the genetic 
structure of a secondary contact zone between known populations of the OH and PA 
clades of P. cinereus. MtDNA indicated all but two of the sites were exclusively PA 
clade, and of the two sites with OH clade members, which were at the northern extent of 
the sampling area (N1 and N3), a majority of individuals were of the PA clade. In 
contrast, microsatellite DNA did not identify population structure coinciding with the 
pattern of clade membership. Analysis in STRUCTURE revealed only a subtle north-to-
south shift in which the James Day Park (N1) and some of the other sites in the northern 
extent of the park were assigned to one cluster. Many sites in the south had similar 
probabilities of assignment to either cluster, suggesting admixture or low confidence in 
assignment. NewHybrids further indicated that sampling of nuDNA largely represented 
that of only a single pure parent population. My results contribute to the ongoing 
phylogeographic research on P. cinereus, revealing that James Day Park (N1), one of the 
sites designated as an OH population for mtDNA (Radomski et al. in review) includes 
members of both clades. Furthermore, samples in the present study from the two nearest 
sites (N2 and N3) yielded only one additional member of the OH clade, suggesting that 
these sites may be near the furthest southern and eastern extent of the mtDNA contact 
zone.  
 
4.1 Population Structure & Mito-nuclear Discordance 
 Analysis of population structure with microsatellite loci did not necessarily reveal 
population structure concordant with clade membership; instead, most sites along the 
northern extent of the transect formed a single genetic cluster, albeit weakly in many 
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cases, with most individuals assigned similarly to either cluster in site N17 and from N20 
southward.  Interestingly, all individuals of James Day Park (N1), which contained 17 
individuals of the PA clade and 12 of OH, were probabilistically assigned to a single 
nuDNA cluster in STRUCTURE and confidently assigned to a single pure parental 
population in NewHybrids. The lack of differentiation within this site suggests that there 
are not reproductive barriers between the OH and PA clades, and the hybridization 
between the clades likely extends beyond these sites.  
One potential explanation, that would require further testing, is that the southern 
extent of the transect is within the region of an apparent nuclear contact zone that is 
discordant with that of the mtDNA patterns. Mito-nuclear discordance has been 
documented in a number of hybrid zone studies on salamanders (Jakckman & Wake 
1994; Kuchta & Tan 2006), and a variety of factors may contribute to the discordance, 
such as adaptive mtDNA introgression, movement of the hybrid zone, and sex-biased 
dispersal (Toews & Brelsford 2012). Sex-biased dispersal could be one reason for the 
pattern of population structure in the present study. Fine-scale genetic sampling and 
mark-recapture of P. cinereus have revealed sex-biased dispersal as a result of male-male 
competition for mates (Liebgold et al. 2010). Because mtDNA is maternally inherited, 
dispersing males who successfully mate in their new range would leave a genetic 
signature of nuDNA, but not mtDNA. The PA clade has fewer trunk vertebrae and are 
shorter than the OH clade (Highton 1960), and I hypothesized that the OH clade would 
have more success establishing territories and securing mates. One study of a hybrid zone 
of two lineages of Spotted Salamanders (Ambystoma maculatum) found mito-nuclear 
discordance with asymmetric introgression reflective of neutral population expansion 
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with female mate-choice for larger-bodied males from one of the two lineages (Johnson 
et al. 2015). A large body of behavioral evidence in P. cinereus supports the notion that 
large salamanders are at an advantage (Jaeger et al 2106). For example, females prefer 
larger males (Mathis 1991) and large territorial residents successfully exclude smaller 
salamanders from territories (Mathis 1990). Larger salamanders also outperform smaller 
salamanders in foraging trials (Townsend and Jaeger 1998). Given the population 
structuring of microsatellite DNA compared to mtDNA, it is possible that the observed 
discordance results from male-biased dispersal with greater fitness of larger OH clade 
individuals.  
Population structure, however, was not correlated with riverine barriers when sites 
were grouped by their location with respect to the Black River and French Creek. This 
result was not anticipated given that low-order streams have been found to contribute to 
genetic differentiation over small geographic distances in this species (Marsh et al. 2007). 
It is possible that Black River and French Creek result in fine-scale population structure 
on either side of the barrier, but course changes in the rivers over time have left different 
sets of populations on different sides of the rivers. However, the overall weak population 
structure observed through the entirety of the sampling area suggests that the riverine 
barriers are not contributing substantially to the observed structure. 
While my data provide insight into the genetic structure of the sites sampled in the 
present study, conclusions on the direction of introgression and the possibility and causes 
of mito-nuclear discordance within the contact zone are preliminary and require further 
sampling efforts. Most notably, the sampling range of the study area did not capture sites 
fixed for mtDNA of the OH clade. STRUCTURE may not represent two genetic clusters 
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if there is actually one genetic cluster (K = 1) because the use of the Evanno method in 
STRUCTURE can fail when there is a single genetic population (Janes et al. 2017). 
Although the LnP(K) of K = 1 was lower than that of K = 2, LnP(K) values were similar 
and plateaued at K = 2. The possible admixture in the southern extent of the transect as 
indicated by STRUCTURE could also be interpreted as a lack of confidence in 
assignment to either cluster. Some studies have utilized a Q-score value of ≥0.90 
probabilistic assignment of an individual to one of 2 genetic clusters in STRUCTURE 
(Johnson et al. 2016; Vähä & Primmer 2006) or a ≥0.90 posterior probability of either 
pure parental class in NewHybrids (Johnson et al. 2016) to distinguish individuals with 
pure parental genotypes from hybrids. While 69 individuals across 8 sites had 
STRUCTURE Q-scores >0.90, and posterior probabilities exceeded 0.90 for one pure 
parental population, the second parental population was not represented apart from 
possible hybrids. Without representation of the second pure parental population, it is 
difficult to determine if individuals that could be considered hybrids in STRUCTURE or 
NewHybrids are in fact hybrids of the PA and OH clade, genetically differentiated by 
factors other than clade, or simply could not be confidently assigned given the data. 
Especially when genetic divergence is low, the efficiency of NewHybrids in classifying 
individuals is poor when a small number of loci are examined (Vähä & Primmer 2006). 
The classification of individuals as F2 hybrids or backcrosses may also be a result of low 
efficiency given the number of samples and loci in the present study. NewHybrids does 
not require pure samples of the parental populations, but if hybridization between the 
clades is common and the hybrid zone continues to the west of the transect, it may be 
difficult for NewHybrids as well as STRUCTURE to distinguish fine differences between 
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the clades. A lack of confidence in nuclear population structure presents an alternative 
interpretation of the data to that of mito-nuclear discordance, especially if observed 
population structure at the southern extent of the transect is the result of factors other than 
clade interactions. 
 
4.2 Reproductive Isolation 
I hypothesized substantial admixture between the OH and PA clades given the 
known cases of hybridization between members of the P. cinereus group such as P. 
cinereus and P. electromorphus (Highton 1999a, Lehtinen et al. 2016). MtDNA clades 
within P. cinereus are thought to have diverged approximately 1.42 million years ago 
(95% HPD: 1.12 - 2.36) (Radomski et al. in review).  By contrast, P. cinereus and P. 
electromorphus diverged approximately 10 million years ago (Fisher-Reid & Wiens 
2011). Thus, it is not surprising that clades within P. cinereus would readily interbreed, 
but because hybrid zone research is limited, it is not yet well understood how selection 
acts upon hybrids in most cases. Estimates of linkage disequilibrium observed along the 
genetic cline can be compared to a theoretical value of complete reproductive isolation 
between clades or species in secondary contact (Gay et al. 2008).  The inclusion of pure 
OH individuals would allow for the assignment of alleles to either clade, further analysis 
of the genetic cline, and estimation of the strength of selection, if any, against hybrid 
individuals.      
One potentially important factor in the degree of reproductive isolation and the 
width of the hybrid zone is a difference in dispersal behavior and correlated traits among 
clades of P. cinereus. Studies on P. cinereus dispersal have not considered the 
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phylogeographic history of the focal population, but there may be evolved differences in 
dispersal behavior among clades, especially those which underwent post-Pleistocene 
range expansion, that may affect gene flow and genetic differentiation (Canestrelli et al. 
2016b). The Northern clade of P. cinereus, in particular, expanded northward with the 
receding glaciers and exhibited the greatest rate of climatic niche evolution of any of the 
six identified clades (Radomski et al. in review). The Northern clade’s dispersal into new 
habitat with few competitors may have favored bolder, more exploratory behavior, which 
has been shown to increase the likelihood of an individual to disperse (Canestrelli et al. 
2016a). Some invasive taxa have been shown to exhibit similar dispersal behavior 
patterns.  For example, invasive Gambusia species, when compared to non-invasive 
Gambusia relatives, were more likely to disperse and dispersed greater distances (Rehage 
& Sih 2004). The Northern, PA, and OH clades exhibited the greatest range expansion 
following the LGM, and may have underwent selection for greater dispersal behavior.  
Behavior for greater dispersal distances is thought to be a mechanism by which 
individuals can avoid inbreeding (Clobert et al. 2009). If the clades of P. cinereus north 
of the LGM boundary exhibit more pronounced dispersal behavior, correlation with 
inbreeding avoidance behavior in particular may make those clades more likely to 
interbreed freely in hybrid zones. Evidence already suggests that prezygotic barriers to 
interbreeding are not present given the genetic data in the contact zone, and evidence of 
male courtship pheromones and male preference for female scent between the OH and 
PA clade suggest that sex-specific pheromones do not yet contribute to reproductive 
isolation between clades (Baggett 2016). Future examination into the behavioral 
differences among clades will further inform the dynamics of population structure and 
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gene flow both within and between clades.  
 
4.3 Extent of the Hybrid Zone 
 Because I did not sample pure OH clade localities and there was no evidence for 
reproductive isolation in sites containing both clades, my results suggest that the hybrid 
zone extends beyond my sampling transect. While the microsatellite data leaves some 
ambiguity of the nuclear structure of the sampling area, the structure of mtDNA within 
the transect is more clear.  OH clade haplotypes were not found south of sites N1 and N3, 
nor were they found in either of the eastern sites. It is likely that sites N1 and N3 
represent the furthest eastern extent of the OH clade in northern Ohio, although other 
contact zones may be present elsewhere. Given the extensive range of the PA and OH 
clades (Radomski et al. in review), it is possible that other contact zones occur further 
south of the transect. The range of the PA clade in northern Ohio, on the other hand, 
likely continues to the west of the transect, where more members of the OH and PA clade 
may exist in hybridizing populations. Because the transect predominantly contained fixed 
PA-clade sites and did not capture pure members of the OH clade, it is difficult to predict 
the width of the genetic cline. Wynn (1986) reported a broad contact zone width between 
the electrophoretically differentiated forms of P. cinereus on the Del-Mar-Va Peninsula, 
but the Del-Mar-Va Peninsula is likely comprised of a single clade (Radomski et al. in 
review). Plethodon richmondi and P. electromorphus, sister species of Plethodon, were 
found to have distances between the two closest pure samples of the two species of 3.5 
km and 19.3 km in two transects in northern Kentucky (Highton 1999b). A hybrid zone 
study between the California Newt, Taricha torosa and the Sierra Newt, T. sierra 
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(previously considered subspecies of T. torosa), which used two allozyme markers as 
well as a mtDNA locus found a mtDNA cline width (7.5 km) narrower than the widths of 
the allozyme clines (10.1 and 10.0 km) (Kuchta 2007). These two species are estimated 
to have diverged 7 – 13 ma (Kuchta & Tan 2006), and are also phenotypically divergent 
(color pattern and head shape) in accordance with the genetic clines (Kuchta 2007).  
Phenotypic divergence between clades of P. cinereus is not yet understood but could be 
important in influencing the width of the genetic cline, particularly if the PA and OH 
clade have not diverged phenotypically and do not exhibit intermediate phenotypes with 
hybridization. 
In addition to aforementioned behavioral characteristics, a variety of aspects of P. 
cinereus biology along with environmental factors may affect the extent of the PA and 
OH clade hybrid zone and its population structure. Radomski et al. (in review) assessed 
the climatic niches of each clade, and the available niche in areas where both clades occur 
may be of particular importance for the location of the hybrid zone. Research with other 
members of Plethodon have found that the areas of overlap between P. jordani and P. 
metcalfi were in regions that were climatically suitable for either species, and therefore 
other processes likely explained observed patterns of mito-nuclear discordance (Chatfield 
et al. 2010). Because the PA and OH clades also have divergent climatic niches, any 
overlap in suitable habitat could contribute to the maintenance of the hybrid zone in 
which environmental factors contribute as selective pressures outside of the area of 
shared suitability. Available climatic niche in the hybrid zone along with potential 
differences among clades in dispersal behavior (sex-biased or as part of a general 
behavioral syndrome (Cosentino & Droney 2016)) and body size offer testable factors 
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that could influence the extent of the hybrid zone. 
 
4.4 Conclusions 
The results of the present study reveal a contact zone between the OH and PA 
clades extending well beyond the localities used to delineate the clades in Lorain County, 
Ohio. I detected weak though nonsignificant pairwise genetic differentiation among sites 
across the transect, and the observed population structure showed most individuals to be 
of a single genetic cluster.  There may be admixture in the southern extent of the transect, 
although it is unclear if the observed admixture is due to a clinal shift in clade nuDNA. 
Clade assignments from mtDNA, on the other hand, showed OH clade individuals 
occupied only a fragment of the sampling area, and the actual extent of the contact zone 
and the locations of pure OH localities remain ambiguous. The mtDNA contact zone 
likely extends west of the sampled sites whereas more samples are necessary to 
determine whether the nuclear contact zone is in fact found in the southern extent of the 
transect or continues beyond the study area. Nevertheless, the contact zone between the 
OH and PA clades of P. cinereus is more extensive than previously thought, and within 
sites containing both clades, I found no evidence of reproductive isolation based on clade 
membership alone. Further sampling, particularly of sites to the south and west of the 
current transect, would likely capture the full extent of the hybrid zone and allow for 
continued study of the location and width of the genetic cline. 
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Table 1. The twenty-five sampling localities listed in approximate north-to-south order 
with the exception of sites E1 and E2 which were located east of the approximate 
transect.  No. PA Clade and No. OH clade represent the number of individuals at the site 
identified as members of the respective clade based on RFLP of a portion (845bp) of cytb 
mtDNA.  Sites in bold contained known members of the OH (N1) and PA (N23) clades 
before the present study 
 
Site ID Locality Name Latitude Longitude N 
No. PA 
Clade 
 No. OH 
Clade 
N1 James Day Park 41.4606 -82.1043 29 17 12 
N2 French Creek 41.4601 -82.0964 14 13 0 
N3 French Creek 41.4590 -82.1000 10 9 1 
N4 Black River Res. 41.4431 -82.1058 7 6 0 
N5 Black River Res. 41.4416 -82.1044 10 10 0 
N6 Black River Res. 41.4389 -82.1009 2 2 0 
N7 Black River Res. 41.4370 -82.1080 10 10 0 
N8 Black River Res. 41.4338 -82.1018 10 10 0 
N9 Black River Res. 41.4316 -82.1000 10 10 0 
N10 Black River Res. 41.4293 -82.1051 10 10 0 
N11 Black River Res. 41.4268 -82.0971 10 10 0 
N12 Black River Res. 41.4236 -82.0999 10 10 0 
N13 Black River Res. 41.4191 -82.0994 10 10 0 
N14 Black River Res. 41.4160 -82.1018 26 26 0 
N15 Black River Res. 41.4140 -82.1034 10 10 0 
N16 Black River Res. 41.4121 -82.0948 2 2 0 
N17 Hilltop Park 41.4071 -82.0817 10 10 0 
N18 Black River Res. 41.4079 -82.1033 10 10 0 
N19 N/A 41.4017 -82.0977 10 10 0 
N20 N/A 41.3904 -82.1018 10 9 0 
N21 Elywood Park 41.3823 -82.0993 10 10 0 
N22 Elywood Park 41.3780 -82.1049 10 9 0 
N23 Cascade Park 41.3742 -82.1091 14 14 0 
E1 Bradley Woods Res. 41.4197 -81.9520 10 10 0 
E2 Miller Nature Pres. 41.4470 -82.0148 4 4 0 
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Table 2.  Summary statistics for 10 microsatellite loci in 25 sampled sites.  N= number of 
individuals; Ho= observed heterozygosity; He= expected heterozygosity; FIS= inbreeding 
coefficient (Weir & Cockerham 1984) 
 
Site 
I.D. Locus N 
No. 
alleles 
No. 
effective 
alleles Ho He Fis 
No. 
private 
alleles 
N1 
        
 
PC3 28 1 1.000 0.000 0.000 N/A 0 
 
PC37 28 1 1.000 0.000 0.000 N/A 0 
 
PC28 29 2 1.035 0.034 0.034 N/A 0 
 
PC7 29 3 1.371 0.103 0.271 0.628 0 
 
PC17 29 4 2.182 0.483 0.542 0.126 0 
 
PC16 29 6 2.966 0.793 0.663 -0.180 0 
 
PC30 29 2 1.035 0.034 0.034 N/A 1 
 
PC25 29 7 4.102 0.862 0.756 -0.123 1 
 
PC34 29 3 1.281 0.172 0.219 0.231 0 
 
PC15 29 4 1.483 0.310 0.326 0.065 0 
 
Site Mean 28.800 3.300 1.746 0.279 0.284 0.125 0 
 
Site S.E.M. 0.133 0.633 0.330 0.104 0.090 0.119 0.133 
N2 
        
 
PC3 14 2 1.074 0.071 0.069 N/A 0 
 
PC37 14 2 1.074 0.071 0.069 N/A 0 
 
PC28 14 1 1.000 0.000 0.000 N/A 0 
 
PC7 14 3 1.742 0.429 0.426 0.031 0 
 
PC17 14 5 3.698 0.786 0.730 -0.040 1 
 
PC16 14 3 1.840 0.500 0.457 -0.058 0 
 
PC30 13 1 1.000 0.000 0.000 N/A 0 
 
PC25 13 7 4.694 0.538 0.787 0.351 0 
 
PC34 13 2 1.080 0.077 0.074 N/A 0 
 
PC15 13 6 1.817 0.538 0.450 -0.159 1 
 
Site Mean 13.600 3.200 1.902 0.301 0.306 0.025 0 
 
Site S.E.M. 0.163 0.663 0.405 0.091 0.096 0.087 0.133 
N3 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 2 1.105 0.100 0.095 N/A 0 
 
PC28 10 2 1.105 0.100 0.095 N/A 0 
 
PC7 10 3 1.869 0.400 0.465 0.191 0 
 
PC17 10 5 2.985 0.700 0.665 0.000 0 
 
PC16 10 3 1.504 0.200 0.335 0.446 0 
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PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 8 4.651 0.700 0.785 0.160 0 
 
PC34 10 3 1.361 0.300 0.265 -0.080 1 
 
PC15 10 3 2.062 0.600 0.515 -0.113 0 
 
Site Mean 10.000 3.100 1.864 0.310 0.322 0.101 0 
 
Site S.E.M. 0.000 0.657 0.367 0.087 0.088 0.086 0.100 
N4 
        
 
PC3 7 2 1.324 0.286 0.245 -0.091 0 
 
PC37 7 2 1.324 0.286 0.245 -0.091 0 
 
PC28 7 2 1.153 0.143 0.133 N/A 0 
 
PC7 7 3 1.556 0.286 0.357 0.273 0 
 
PC17 7 4 2.882 0.714 0.653 -0.017 0 
 
PC16 7 4 2.178 0.714 0.541 -0.250 0 
 
PC30 7 1 1.000 0.000 0.000 N/A 0 
 
PC25 7 6 4.455 0.714 0.776 0.155 0 
 
PC34 7 1 1.000 0.000 0.000 N/A 0 
 
PC15 7 5 2.227 0.571 0.551 0.040 0 
 
Site Mean 7.000 3.000 1.910 0.371 0.350 0.003 0 
 
Site S.E.M. 0.000 0.537 0.344 0.091 0.086 0.065 0.000 
N5 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 1 1.000 0.000 0.000 N/A 0 
 
PC7 10 1 1.000 0.000 0.000 N/A 0 
 
PC17 10 3 2.469 0.500 0.595 0.211 0 
 
PC16 10 2 1.980 0.300 0.495 0.438 0 
 
PC30 10 2 1.220 0.200 0.180 -0.059 1 
 
PC25 10 5 3.704 0.500 0.730 0.362 0 
 
PC34 10 1 1.000 0.000 0.000 N/A 0 
 
PC15 10 3 1.227 0.200 0.185 -0.029 0 
 
Site Mean 10.000 2.000 1.560 0.170 0.219 0.184 0 
 
Site S.E.M. 0.000 0.422 0.287 0.065 0.090 0.100 0.100 
N6 
        
 
PC3 2 1 1.000 0.000 0.000 N/A 0 
 
PC37 2 1 1.000 0.000 0.000 N/A 0 
 
PC28 2 1 1.000 0.000 0.000 N/A 0 
 
PC7 2 2 1.600 0.500 0.375 N/A 0 
 
PC17 2 2 1.600 0.500 0.375 N/A 0 
 
PC16 2 2 2.000 0.000 0.500 1.000 0 
 
PC30 2 1 1.000 0.000 0.000 N/A 0 
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PC25 2 4 4.000 1.000 0.750 0.000 0 
 
PC34 2 1 1.000 0.000 0.000 N/A 0 
 
PC15 2 1 1.000 0.000 0.000 N/A 0 
 
Site Mean 2.000 1.600 1.520 0.200 0.200 0.500 0 
 
Site S.E.M. 0.000 0.306 0.298 0.111 0.088 0.500 0.000 
N7 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 2 1.220 0.200 0.180 -0.059 0 
 
PC7 10 2 1.471 0.200 0.320 0.419 0 
 
PC17 10 4 2.597 0.500 0.615 0.237 0 
 
PC16 10 3 1.852 0.200 0.460 0.600 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 7 5.405 0.600 0.815 0.312 0 
 
PC34 10 1 1.000 0.000 0.000 N/A 0 
 
PC15 10 4 1.905 0.600 0.475 -0.214 1 
 
Site Mean 10.000 2.600 1.845 0.230 0.287 0.216 0 
 
Site S.E.M. 0.000 0.618 0.430 0.079 0.094 0.124 0.100 
N8 
        
 
PC3 10 2 1.220 0.200 0.180 -0.059 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 4 2.128 0.600 0.530 -0.080 1 
 
PC7 9 2 1.800 0.444 0.444 0.059 0 
 
PC17 10 2 1.600 0.500 0.375 -0.286 0 
 
PC16 10 3 1.942 0.400 0.485 0.226 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 8 4.348 0.700 0.770 0.143 1 
 
PC34 10 1 1.000 0.000 0.000 N/A 0 
 
PC15 10 3 1.852 0.600 0.460 -0.256 0 
 
Site Mean 9.900 2.700 1.789 0.344 0.324 -0.036 0 
 
Site S.E.M. 0.100 0.667 0.315 0.086 0.084 0.073 0.133 
N9 
        
 
PC3 10 2 1.105 0.100 0.095 N/A 0 
 
PC37 10 2 1.105 0.100 0.095 N/A 0 
 
PC28 10 1 1.000 0.000 0.000 N/A 0 
 
PC7 9 3 1.256 0.222 0.204 -0.032 0 
 
PC17 10 4 2.778 0.700 0.640 -0.041 0 
 
PC16 10 5 4.545 0.800 0.780 0.027 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 9 5 3.600 0.778 0.722 -0.018 0 
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PC34 10 2 1.342 0.100 0.255 0.640 0 
 
PC15 10 4 1.709 0.500 0.415 -0.154 0 
 
Site Mean 9.800 2.900 1.944 0.330 0.321 0.070 0 
 
Site S.E.M. 0.133 0.482 0.398 0.104 0.095 0.117 0.000 
N10 
        
 
PC3 10 2 1.220 0.200 0.180 -0.059 0 
 
PC37 10 2 1.105 0.100 0.095 N/A 0 
 
PC28 10 3 1.227 0.200 0.185 -0.029 0 
 
PC7 10 3 1.504 0.200 0.335 0.446 0 
 
PC17 10 3 1.515 0.300 0.340 0.169 0 
 
PC16 10 5 2.703 0.600 0.630 0.100 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 10 8.000 0.700 0.875 0.250 0 
 
PC34 10 1 1.000 0.000 0.000 N/A 0 
 
PC15 10 4 1.370 0.300 0.270 -0.059 0 
 
Site Mean 10.000 3.400 2.064 0.260 0.291 0.117 0 
 
Site S.E.M. 0.000 0.833 0.678 0.073 0.088 0.071 0.000 
N11 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 1 1.000 0.000 0.000 N/A 0 
 
PC7 10 3 1.681 0.300 0.405 0.308 0 
 
PC17 10 4 1.709 0.500 0.415 -0.154 0 
 
PC16 10 6 2.857 0.500 0.650 0.280 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 9 7.143 0.700 0.860 0.236 0 
 
PC34 10 3 1.361 0.300 0.265 -0.080 0 
 
PC15 10 5 1.724 0.200 0.420 0.561 0 
 
Site Mean 10.000 3.400 2.047 0.250 0.302 0.192 0 
 
Site S.E.M. 0.000 0.846 0.595 0.081 0.096 0.108 0.000 
N12 
        
 
PC3 10 2 1.220 0.200 0.180 -0.059 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 1 1.000 0.000 0.000 N/A 0 
 
PC7 10 3 1.653 0.100 0.395 0.769 0 
 
PC17 10 5 2.817 0.600 0.645 0.122 0 
 
PC16 10 4 2.439 0.400 0.590 0.368 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 9 4.762 0.700 0.790 0.166 0 
 
PC34 10 1 1.000 0.000 0.000 N/A 0 
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PC15 10 4 1.370 0.300 0.270 -0.059 0 
 
Site Mean 10.000 3.100 1.826 0.230 0.287 0.218 0 
 
Site S.E.M. 0.000 0.809 0.385 0.083 0.096 0.128 0.000 
N13 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 2 1.105 0.100 0.095 N/A 0 
 
PC7 10 3 1.227 0.200 0.185 -0.029 0 
 
PC17 10 3 2.020 0.500 0.505 0.063 0 
 
PC16 10 5 2.817 0.700 0.645 -0.033 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 7 3.333 0.600 0.700 0.194 0 
 
PC34 10 3 1.361 0.300 0.265 -0.080 0 
 
PC15 10 3 1.227 0.100 0.185 0.500 0 
 
Site Mean 10.000 2.900 1.609 0.250 0.258 0.103 0 
 
Site S.E.M. 0.000 0.605 0.265 0.083 0.085 0.089 0.000 
N14 
        
 
PC3 26 1 1.000 0.000 0.000 N/A 0 
 
PC37 26 2 1.039 0.038 0.038 N/A 0 
 
PC28 26 2 1.080 0.077 0.074 -0.020 0 
 
PC7 26 3 1.431 0.154 0.301 0.504 0 
 
PC17 25 4 1.981 0.480 0.495 0.051 0 
 
PC16 26 8 3.347 0.577 0.701 0.196 0 
 
PC30 26 2 1.039 0.038 0.038 N/A 0 
 
PC25 25 10 5.556 0.760 0.820 0.093 0 
 
PC34 26 2 1.039 0.038 0.038 N/A 0 
 
PC15 26 3 1.124 0.115 0.110 -0.027 0 
 
Site Mean 25.800 3.700 1.864 0.228 0.261 0.133 0 
 
Site S.E.M. 0.133 0.932 0.471 0.086 0.096 0.081 0.000 
N15 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 2 1.105 0.100 0.095 N/A 0 
 
PC7 10 2 1.105 0.100 0.095 N/A 0 
 
PC17 10 3 1.852 0.200 0.460 0.600 0 
 
PC16 10 5 3.279 0.700 0.695 0.046 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 9 6 3.240 0.556 0.691 0.252 0 
 
PC34 10 1 1.000 0.000 0.000 N/A 0 
 
PC15 10 2 1.220 0.200 0.180 -0.059 0 
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Site Mean 9.900 2.400 1.580 0.186 0.222 0.210 0 
 
Site S.E.M. 0.100 0.562 0.291 0.078 0.090 0.145 0.000 
N16 
        
 
PC3 2 1 1.000 0.000 0.000 N/A 0 
 
PC37 2 2 1.600 0.500 0.375 N/A 0 
 
PC28 2 1 1.000 0.000 0.000 N/A 0 
 
PC7 2 2 1.600 0.500 0.375 N/A 0 
 
PC17 2 2 1.600 0.500 0.375 N/A 0 
 
PC16 2 3 2.667 0.500 0.625 0.500 0 
 
PC30 2 1 1.000 0.000 0.000 N/A 0 
 
PC25 2 3 2.667 1.000 0.625 -0.333 0 
 
PC34 2 1 1.000 0.000 0.000 N/A 0 
 
PC15 2 1 1.000 0.000 0.000 N/A 0 
 
Site Mean 2.000 1.700 1.513 0.300 0.238 0.083 0 
 
Site S.E.M. 0.000 0.260 0.211 0.111 0.084 0.417 0.000 
N17 
        
 
PC3 10 2 1.105 0.100 0.095 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 3 1.852 0.600 0.460 -0.256 0 
 
PC7 10 3 2.410 0.800 0.585 -0.321 0 
 
PC17 10 4 2.198 0.700 0.545 -0.235 0 
 
PC16 10 5 2.128 0.700 0.530 -0.273 0 
 
PC30 10 2 1.105 0.100 0.095 N/A 0 
 
PC25 10 11 8.333 0.800 0.880 0.143 0 
 
PC34 10 2 1.220 0.200 0.180 -0.059 0 
 
PC15 10 3 1.227 0.200 0.185 -0.029 0 
 
Site Mean 10.000 3.600 2.258 0.420 0.356 -0.147 0 
 
Site S.E.M. 0.000 0.897 0.695 0.103 0.090 0.064 0.000 
N18 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 2 1.105 0.100 0.095 N/A 0 
 
PC7 10 3 1.852 0.600 0.460 -0.256 0 
 
PC17 10 4 1.709 0.400 0.415 0.089 0 
 
PC16 10 2 1.923 0.800 0.480 -0.636 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 8 4.878 0.600 0.795 0.294 0 
 
PC34 10 1 1.000 0.000 0.000 N/A 0 
 
PC15 10 4 1.370 0.300 0.270 -0.059 0 
 
Site Mean 10.000 2.700 1.684 0.280 0.252 -0.114 0 
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Site S.E.M. 0.000 0.700 0.374 0.096 0.088 0.159 0.000 
N19 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 1 1.000 0.000 0.000 N/A 0 
 
PC7 10 3 1.869 0.400 0.465 0.191 0 
 
PC17 10 3 1.504 0.300 0.335 0.156 0 
 
PC16 10 3 1.942 0.500 0.485 0.022 0 
 
PC30 10 2 1.105 0.100 0.095 N/A 0 
 
PC25 10 9 5.714 0.700 0.825 0.203 0 
 
PC34 10 1 1.000 0.000 0.000 N/A 0 
 
PC15 10 4 1.527 0.400 0.345 -0.108 0 
 
Site Mean 10.000 2.800 1.766 0.240 0.255 0.093 0 
 
Site S.E.M. 0.000 0.772 0.454 0.081 0.090 0.060 0.000 
N20 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 2 1.105 0.100 0.095 N/A 0 
 
PC7 10 2 1.724 0.200 0.420 0.561 0 
 
PC17 8 3 2.977 1.000 0.664 -0.455 0 
 
PC16 10 6 3.175 0.600 0.685 0.176 0 
 
PC30 10 2 1.105 0.100 0.095 N/A 0 
 
PC25 10 10 5.556 0.700 0.820 0.198 0 
 
PC34 10 3 1.227 0.200 0.185 -0.029 0 
 
PC15 10 4 1.695 0.400 0.410 0.077 1 
 
Site Mean 9.800 3.400 2.056 0.330 0.337 0.088 0 
 
Site S.E.M. 0.200 0.872 0.463 0.107 0.097 0.136 0.100 
N21 
        
 
PC3 10 2 1.220 0.200 0.180 -0.059 0 
 
PC37 10 2 1.105 0.100 0.095 N/A 0 
 
PC28 10 3 1.681 0.300 0.405 0.308 0 
 
PC7 10 2 1.923 0.400 0.480 0.217 0 
 
PC17 10 4 2.667 0.600 0.625 0.092 0 
 
PC16 10 4 2.198 0.700 0.545 -0.235 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 11 8.696 0.800 0.885 0.148 0 
 
PC34 9 3 1.742 0.556 0.426 -0.250 0 
 
PC15 10 5 1.724 0.500 0.420 -0.139 0 
 
Site Mean 9.900 3.700 2.395 0.416 0.406 0.010 0 
 
Site S.E.M. 0.100 0.895 0.718 0.083 0.083 0.075 0.000 
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N22 
        
 
PC3 10 1 1.000 0.000 0.000 N/A 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 5 1.942 0.600 0.485 -0.187 1 
 
PC7 10 2 1.600 0.500 0.375 -0.286 0 
 
PC17 10 3 1.802 0.500 0.445 -0.071 0 
 
PC16 10 5 2.817 0.800 0.645 -0.190 0 
 
PC30 10 1 1.000 0.000 0.000 N/A 0 
 
PC25 10 13 10.526 0.900 0.905 0.058 0 
 
PC34 10 3 1.361 0.300 0.265 -0.080 0 
 
PC15 10 5 2.174 0.500 0.540 0.126 0 
 
Site Mean 10.000 3.900 2.522 0.410 0.366 -0.090 0 
 
Site S.E.M. 0.000 1.140 0.908 0.104 0.096 0.055 0.100 
N23 
        
 
PC3 14 1 1.000 0.000 0.000 N/A 0 
 
PC37 14 1 1.000 0.000 0.000 N/A 0 
 
PC28 14 5 1.719 0.500 0.418 -0.159 0 
 
PC7 14 2 1.774 0.500 0.436 0.536 0 
 
PC17 14 5 1.876 0.429 0.467 0.117 1 
 
PC16 14 5 2.596 0.500 0.615 0.222 0 
 
PC30 14 2 1.153 0.143 0.133 -0.040 0 
 
PC25 14 9 7.127 0.571 0.860 0.368 0 
 
PC34 14 3 1.556 0.429 0.357 -0.164 0 
 
PC15 14 6 2.042 0.643 0.510 -0.225 0 
 
Site Mean 14.000 3.900 2.184 0.344 0.434 0.082 0 
 
Site S.E.M. 0.000 0.809 0.571 0.074 0.099 0.098 0.100 
E1 
        
 
PC3 10 2 1.220 0.200 0.180 -0.059 0 
 
PC37 10 1 1.000 0.000 0.000 N/A 0 
 
PC28 10 3 1.227 0.200 0.185 -0.029 0 
 
PC7 10 2 1.342 0.300 0.255 -0.125 0 
 
PC17 10 5 2.439 0.700 0.590 -0.135 0 
 
PC16 10 3 2.151 0.400 0.535 0.301 1 
 
PC30 10 2 1.220 0.200 0.180 -0.059 0 
 
PC25 10 11 7.692 0.900 0.870 0.018 0 
 
PC34 10 2 1.105 0.100 0.095 N/A 0 
 
PC15 10 4 2.198 0.500 0.545 0.135 0 
 
Site Mean 10.000 3.500 2.159 0.350 0.344 0.006 0 
 
Site S.E.M. 0.000 0.910 0.636 0.089 0.087 0.052 0.100 
E2 
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PC3 4 1 1.000 0.000 0.000 N/A 0 
 
PC37 4 1 1.000 0.000 0.000 N/A 0 
 
PC28 4 1 1.000 0.000 0.000 N/A 0 
 
PC7 4 2 1.600 0.500 0.375 -0.200 0 
 
PC17 4 3 1.684 0.250 0.406 0.500 0 
 
PC16 4 4 3.556 1.000 0.719 -0.263 0 
 
PC30 4 1 1.000 0.000 0.000 N/A 0 
 
PC25 4 4 2.286 0.500 0.563 0.250 0 
 
PC34 4 2 1.600 0.500 0.375 -0.200 0 
 
PC15 4 4 2.286 0.750 0.563 -0.200 0 
 
Site Mean 4.000 2.300 1.701 0.350 0.300 -0.019 0 
 
Site S.E.M. 0.000 0.423 0.261 0.113 0.088 0.129 0.000 
 
 
Table 3. Locus-specific and global estimates of GST and Hedrick’s G'ST.  P values in bold 
were significant at a corrected p<0.05 level after a sequential Bonferroni correction 
 
Locus GST p (GST) G'ST p (G'ST) 
PC3 0.029 0.032 0.031 0.031 
PC37 0.019 0.093 0.019 0.092 
PC28 0.067 0.001 0.080 0.001 
PC7 0.031 0.047 0.050 0.046 
PC17 0.030 0.011 0.070 0.011 
PC16 0.048 0.001 0.129 0.001 
PC30 0.011 0.149 0.012 0.150 
PC25 0.036 0.000 0.244 0.000 
PC34 0.056 0.002 0.066 0.002 
PC15 0.022 0.018 0.037 0.017 
Global 0.037 0.000 0.056 0.000 
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Figure 1.  Map of sampling localities with proportion of individuals at each site assigned 
to the OH or PA mtDNA clades displayed with pie charts.  
 
 
Figure 2.  Map of sampling localities with STRUCTURE population Q-scores from K = 
2 displayed in pie charts for each site.    
 
 
Figure 3.  Population structure results for 268 individuals in 25 sites.  Each vertical bar 
represents an individual, and the proportion of the bar for each color represents the 
individual’s probability of belonging to that mtDNA clade or nuDNA cluster: A) MtDNA 
clade assignments for each individual across all 25 sites with red bars denoting an OH 
haplotype and green bars denoting a PA haplotype. White bars indicate missing data; B) 
STRUCTURE results for K = 2, the most optimal K value of microsatellite population 
structure.  
 
 
Figure 4.  NewHybrids output showing the posterior probability for individuals 
belonging to specific genotype frequency classes. Each vertical bar represents an 
individual, and posterior probabilities are displayed as the proportion of the bar (0 – 1.0) 
for each individual.  
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